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Abstract 
Medium-temperature solar collectors were realized with all-glass solar evacuated tubes. The solar transmittance of envelop tubes 
was increased to 0.94 with porous SiO2 antireflection coating deposited by sol-gel method. Solar selective coating was fabricated 
by dual-cathode co-sputtering, and its solar absorbance and thermal emittance were optimized to 0.95 and 0.05 (at 180 qC), 
respectively. Vacuum of evacuated tubes was obtained by outgassing at 450 qC and maintained by combination use of evaporable 
and non-evaporable getters. Copper U-tubes, whose surface was treated for anti-oxidation, were weld to aluminum fins to 
transfer heat from solar selective coating to working fluid. Compound parabolic concentrators (CPC) made of smooth aluminum 
sheets were adopted to concentrate solar radiation, the solar reflectance of CPC surface was 0.91. The instantaneous solar thermal 
efficiency was measured from 25 to 150 qC, the fitting polynomial of efficiency data was followed K=0.6910.83Tm0.0035GTm2, 
corresponding to the solar thermal efficiency of 50.2% at 150 qCć. 
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1. Introduction 
Medium-temperature solar applications, such as solar industrial heat, solar air-conditioning, solar room heating, 
require high solar thermal efficiency and cost-effective solar collectors[1][2]. There are several candidates for 
medium-temperature solar collectors, including flat-panel solar collectors and metal-glass solar evacuated collectors. 
The flat-panel solar collectors have high solar thermal efficiency at low temperature at low temperature, but the 
performance deteriorates dramatically with increasing temperature due to the heat dissipation by conduction and 
convection. The working temperature of 100~300 qC can be realized by the combination of metal-glass tubes and 
tracking concentrators. However, such configuration is not so cost-effective for medium temperature applications 
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due to the difficulty of glass-metal sealing and the need for control of sun tracking concentrators. Solar collectors 
based on all-glass solar evacuated tubes have demonstrated their performance and economic operation in the 
application of solar water heaters, but most of them don’t have enough solar thermal efficiency at the working 
temperature greater than 100 qC. This paper describes the optimization of solar collectors with all-glass solar 
evacuated tubes, and the performance over 100 qC is demonstrated.  
2. All-glass solar evacuated tubes for medium-temperature solar collectors 
Sol-gel process was adopted to deposit porous SiO2 AR coating on the Borosilicate 3.3 envelope tubes. Fig. 1 
shows the comparison of transmittance between bare envelope tube and with AR coating. The solar transmittance of 
envelope tube is improved from 0.91 to 0.94 after porous SiO2 AR coating. The average reduction of solar 
transmittance of 8 sample tubes is less than 0.01 after 1000 hours aging by ultraviolet radiation and humidity.  
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Fig. 1. Transmittance curves of Borosilicate 3.3 glass tube with and without AR coating. 
Solar selective coating was deposited by reactive direct current co-sputtering with titanium and aluminum dual 
cathodes. Al, TiAlON, and AlON films were deposited as infrared reflection, solar absorption, and solar anti-
reflection layers, respectively. The solar absorbance of the coating was as high as 0.95 according to the UV-VIS-IR 
reflectance, which was measured by Shimadzu UV3600 spectrophotometer and shown in Fig. 2(a). The thermal 
emittance measured by steady-state calorimeter was as low as 0.03 and 0.05 at 80 qC and 180 qC. Fig. 2(b) shows 
the changes of solar absorbance and thermal emittance during thermal aging. There were almost no changes of solar 
absorbance and thermal emittance after 1000 hours annealing at 400 qC.  
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Fig. 2.(a) UV-VIS-IR reflectance of Al/TiAlON/AlON tandem solar selective coating (left). (b) The changes of solar absorbance absorptance and 
thermal emittance of solar selective coating after aging (right). 
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The vacuum of annular space of solar evacuated tubes were achieved by outgassing at 450 qC, the as-outgassed 
pressure was in the order of 10-3Pa. Barium-based evaporable and ST707 non-evaporable getters were jointly used 
to maintained the vacuum of all-glass evacuated tubes under medium temperature. The mirrors of evaporable getter 
acted as symbol of the vacuum state of the annular space of solar evacuated tubes. The pressure of the annular space 
of evacuated tubes was stable at the order of 10-1 Pa after 2500 hours annealing at 400 qC.  
CPC made of smooth aluminum sheet was used to concentrate solar irradiation to the solar evacuated tubes. The 
concentration ratio of CPC was 2.7, and the solar reflectance of the aluminum sheet was 0.91. U-shape tubes made 
of copper, which has high thermal conductivity and flexibility, were adopted as the heat conduction components of 
solar collectors. As copper oxidized in the medium-temperature ambient, chromium and nickel were deposited on 
the surfaces of U-shape tubes as anti-oxidation coating by electroplating.  
3. Measurement of instantaneous solar thermal efficiency 
The instantaneous solar thermal efficiency of solar collectors with all-glass evacuated tubes was measured by our 
solar collect efficiency testing system. Fig. 3(a) shows the tested solar collector with the configuration of vertically-
arranged all-glass solar evacuated tubes. The environmental conditions during the parameters measurement were as 
the following: ambient temperature 14~20 qC, solar irradiation 890~960 W/m2, wind speed less than 3 m/s. 
  
Fig.3. (a) The photograph of tested solar collector based on vertically-arranged all-glass solar with the configuration of vertically-arranged all-
glass solar evacuated tubes. (b) Measured data of instantaneous solar thermal efficiency and the fitting polynomial curve of our collector 
Fig. 3(b) shows the data of instantaneous solar thermal efficiency and the fitting polynomial curve of our 
collector. The fitting polynomial equation was as following: 
 
20.691 0.83 0.0035 mmT GTK         (1) 
 
Where G was the solar radiation power density, Tm=(TTa)/G was the normalized temperature, T was the average 
temperature of working fluid in the solar collector and Ta was the ambient temperature. Even the average 
temperature of working fluid reached 150 qC, the instantaneous solar thermal efficiency was still as high as 50.2%.  
4. Conclusion 
Medium-temperature solar collectors were realized with all-glass solar evacuated tubes. The solar transimttance 
of envelop tubes was increased to 0.94 with porous SiO2 antireflection coating deposited by sol-gel method. Solar 
selective coating was fabricated by dual-cathode co-sputtering, and its solar absorbance and thermal emittance were 
optimized to 0.95 and 0.05 (at 180 qC), respectively. Vacuum of evacuated tubes was obtained by outgassing at 450 
qC and maintained by combination use of evaporable and non-evaporable getters. Copper U-tubes, whose surface 
was treated for anti-oxidation, were weld to aluminum fins to transfer heat from solar selective coating to working 
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fluid. Compound parabolic concentrators made of smooth aluminum sheets were adopted to concentrate solar 
radiation, the solar reflectance of CPC surface was 0.91. The instantaneous solar thermal efficiency was measured 
from 25 qC to 150 qC and the fitting polynomial of efficiency data was extracted as K=0.6910.83Tm0.0035GTm2, 
corresponding to the solar thermal efficiency of 50.2% at 150 qC. 
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